This report documents the initial procurement activities from the Superior Tube Company (STC) associated with production quantities of Zircaloy-4 components (Contract 330088-A-T9) and the demonstration of their capability to produce full-length getter (FLG) components (Contract 406957-A-T5). Advanced planning for this contract began in spring 1999. STC was awarded a firm, fixed-price contract with the potential for added incentive payments based on their ability to control their manufacturing processes. Incentives were included in this contract based on the potential benefit to reduce Pacific Northwest National Laboratory's (PNNL's) quality costs and schedule risk. The contract was negotiated to a firm fixed price plus incentives with a not-to-exceed price.
Inspection Methods: After the manufacture of the Lead Test Assembly (LTA) components, it was determined that inspection methods used by STC were not consistent with the flexible nature of the product. After the LTA effort, a study was done at PNNL to evaluate inspection methods. It was determined that non-contact measurement techniques, such as laser gage and air gage, were best suited for the components of this contract.
Flexible Component Measurement Averaging: The design documents for the STC components were modified to allow averaging of the diameter (inside and outside) measurements. This change was based on the flexible nature of the tubing. The use of averaging reduced the likelihood of rejecting components as a result of small levels of ovality. This report documents the initial procurement activities associated with production quantities of Zircaloy-4 (Zr-4) components (Contract 330088-A-T9) and the demonstration of the capability to produce full-length getter (FLG) components (Contract 406957-A-T5). Contract 330088-A-T9 was originally awarded for the manufacture of production-design (short getter) components. Upon completion of successful demonstration activities associated with the manufacture of FLG tube stock and plating of FLG tubes, a decision was made to transition to the FLG design. Contract 330088-A-T9 was modified to discontinue the manufacture of production-design getter and spacer stock and divert the remaining contract funding to the manufacture of FLG getter and spacer stock.
2.1 The manufacturing activities for the contract included two phases. The first phase consisted of demonstrating production capability for the production of getter-tube stock and inner-liner tubes. Under the demonstration phase, STC completed the following deliverables: The second phase originally consisted of procuring Zr-4 feedstock and producing the following quantities of Zr-4 components:
Contract Activities
• 4,000 bottom-spacer stock units • 95,200 production getter stock units • 12,600 variable-length inner-liner tubes • 56,700 standard-length inner-liner tubes.
A total of 13 modifications were made to the contract. These changes can be categorized as follows:
• Specification: modifications resulting from specifications revisions • Schedule: modifications driven by schedule changes • Quantity: modifications affecting quantity of delivered components • Cost: modification affecting contract cost • Scope: modifications driven by a change in scope 2.2
• Quality Assurance (QA): modifications including changes in QA requirements, such as QA clauses. 
The changes in Modification 5 were significant because of the impact on the plating vendor. The initial contract included specific quantities for each shipment. Producing manufacturing lots to meet those specific quantities was difficult, if not impossible. As a result, STC was splitting lots to make up the quantities required by the contract. Often, the split lots resulted in small quantities that were not practical for use by the plating vendor. To remedy this situation, STC was allowed to deviate from the individual shipment quantities as long as the total shipped-to-date quantities were within 10% of the contract quantities. Additionally, the contract allowed a 5% overage at contract completion. Modification 13 reduced the overage allowance to 2% on most components and clarified that any charges for additional components and any applicable incentives could not exceed the ceiling amount specified in the contract.
Modification 11 represented a change in direction by the U.S. Department of Energy (DOE). In September 2002, a decision was made to incorporate the FLG design as a replacement for the production (short) getter design. The manufacture of production getter stock was discontinued, and the contract was re-negotiated based on the remaining value of the components. Additional details pertaining to this contract modification are available in Memorandum of Procurement -Mod #11 to the 330088 contract file from Kerry Cullerton dated July 14, 2003. The resulting component quantities for Modification 11 were as follows:
2.3
• 2,000 production bottom spacer tube stock units (completed)
• 48,600 production getter-tube stock units (completed)
• 12,600 production variable-length inner-liner tubes • 56,700 production standard inner-liner tubes • 3900 FLG spacer stock units (14-inch length)
• 4100 FLG tube stock units.
During the contract modification process, STC was allowed to continue manufacturing production getter stock material to a point in the process that was compatible with the FLG stock specification. This allowed STC to minimize the impact both to their production projections and to the Tritium Target Qualification Project (TTQP) (former name of the Tritium Technology Program [TTP]) schedule. This material was specified as "interim getter" material and is included as such in Appendix B, "Summary of Milestone Deliverables."
3.1
Summary of Components Delivered

Production Rate
Within the overall confines of the period of performance, a shipping schedule was provided for Phase II. The purpose of the shipping schedule was to provide components to the plating vendor in a manner commensurate with the plating schedule. The schedule was designed to provide ample product for plating without surpassing the storage capacity of the plating vendor. This schedule was documented in the contract as the Milestone Payment Schedule. Throughout the life of the contract, this schedule was modified on several occasions because of the needs of the TTQP, STC, and the plating vendor. Appendix B summarizes the components provided for each milestone.
Initially, a throughput capability of 4000 TPBARs/year worth of components was a requirement for the Zr-4 component manufacturer. Over the life of the contract, this requirement was significantly reduced as the result of changing requirements from DOE. The contract milestone schedule was designed to produce getter-tube stock at a rate of 38,000 tubes/year (3200 TPBAR equivalents) and inner liners at a rate of 30,000 liners/year (2500 TPBAR equivalents).
Early in the production phase of the contract, STC production was delayed by an internal union strike. Following the strike, STC scaled up the getter-tube stock production to recover the lost schedule. The production rate during this recovery was sustained at approximately 6000 tubes/month for 5 months. This constitutes an equivalent annual rate of 72,000 tubes/year (6000 TPBAR equivalents). The cumulative getter-tube stock production is shown in Figure 3 .1. The cumulative FLG tube stock production is shown in Figure 3 .4. The average production rate for the FLG tubes was approximately 4600 tubes/year. This production rate was determined by the contract and did not necessarily represent the maximum capability of the STC process. Since the FLG tubes are simply production stock getter tubes that were not cut, it is reasonable to expect that the production capability is commensurate with the 6000 tubes/year (TPBAR equivalent) indicated above.
Product Quality
The Phase IV Qualification Report -Getter Tube Vendor memo from C. Eiholzer to C. Painter dated June 9, 1998, indicated areas of concern relative to component quality. The primary areas of concern were inside diameter (ID), outside diameter (OD), and straightness characteristics. In that report, inspection technique and allowances for "non-rigid" components were identified as key contributors to apparent QA issues present during the production of getter tubes for the TTQP lead test assembly (LTA).
In a follow-on study by PNNL, a "Gage Repeatability & Reproducibility" (Gage R&R) study was done indicating that "non-contact" inspection methods were best suited for these components. The non-contact methods of inspection minimize the occurrence of tube flexing during inspection. The methods recommended for getter tubes were laser gage for the OD and air gage for the ID. STC accepted this recommendation and purchased a digital Moore Data Gage (for use with air gage) and a laser gage. A summary of the Gage R&R study is shown in Table 3 .1. In addition to the new inspection methods, the design specification was revised to allow averaging of measurements for inspection of non-rigid components. To verify that the averaging did not allow extreme ovality, STC implemented a self-imposed restriction on the maximum deviation from the nominal dimensions. The design specification was also revised to increase the tolerances on both the ID and OD of the getters.
Along with the inspection and specification changes, STC continued to pursue process improvements that would yield a better product. The Cpk incentives of the contract served as a motivator towards this objective. As a result, STC adjusted their manufacturing approach to strive for nominal dimensions. The progress was tracked based on the reported Cpk values. Overall, the Cpk values during production were significantly better than those of the LTA, particularly for the FLG Tubes. However, some lots were below the 1.1 minimum Cpk incentive level.
The Cpk was calculated as follows: Cpk = The smaller of Cpu and Cpl (3.1)
where Cpu = (USL -X)/3σ Cpl = (X -LSL)/3σ
where Cpu = Capability ratio based on the upper specification limit Cpl = Capability ratio based on the lower specification limit X = Mean tube OD or ID USL = Upper specification limit LSL = Lower specification limit σ = Standard deviation of the OD or ID.
The Cpk trends for each of the components are shown in Figure 3 .5 through Figure 3 .8.
3.5 Although the product quality improved significantly as compared to the LTA material, some STC lots still failed the initial sampling-based inspection, resulting in a 100% inspection for those lots. However, the losses due to sorting were 5% to 15%, rather than as high as 40% seen during the LTA inspections. Table 3 .2 summarizes the lot inspection results. The quantities for the various attributes (straightness, ID, OD, etc.) indicate the number of lots that required 100% inspection. Some of the sampling-based lot failures came during source verification. This was more likely the result of stringent sampling criteria (accept 0/reject 1) than the result of poor inspection quality by STC. Although many of the lots met the 95/95 criteria, they were not "well beyond" this limit. With this scenario, the probability of a false-lot failure during sampling was increased. If the number of samplingbased inspections was also increased, as with source verification, the number of lots requiring 100% inspection would be further increased. Appendix C summarizes the source verification activities.
3.8
Government-Furnished Equipment
To accommodate the long lengths of FLG tube stock, alternative inspection equipment was needed for measuring the inside diameter. The Single Tube Air Gage Scanner (STAGS), originally developed to inspect cladding tubes, was identified to meet this need. This equipment was supplied to STC as government-furnished equipment (GFE). With the inspection hardware, PNNL supplied shipping, reassembly, training, and all necessary software for operating the equipment. Currently, ownership of this equipment remains with PNNL. Responsibility for maintaining software also resides with PNNL. PNNL developed the software for operating the STAGS system. The current version of the software is AGDataTaker 2.3.2 (STAGS, ABIS-AG) dated October 13, 2003. The hardware and software documentation (including software verification) is located in the TTP records as shown in Table 3 .3. 
Lessons Learned
The length of this contract afforded the opportunity to incorporate improvements throughout the life of the contract. The key items are listed below.
Cpk Incentives: This contract included financial incentives that were based on quality performance as measured by the Cpk. This aspect of the contract proved to be a strong motivator for STC to pursue continuous improvement of the PNNL products. From discussions with STC personnel, it was clear that STC management was dedicated to providing resources necessary to meet the incentive requirements as measured by Cpk. Studies conducted by STC revealed how handling of the product between process steps could adversely affect product quality because of the thin-walled nature of this product. As a result, STC invested many resources to set up a dedicated product line such that handling of the finished product was minimized. The incentive appeared to work well as a motivator and contributed to a significant improvement in product quality.
Long Lead Item Planning: The manufacture of the components for this contract required purchasing TREX tubing as feedstock. The lead time for this material was 8 to 12 months.
Lot Size: The initial contract included specific quantities for each shipment. Producing manufacturing lots to meet those specific quantities was difficult, if not impossible. As a result, STC was splitting lots to make up the quantities required by the contract. Often, the split lots resulted in small quantities that were not practical for use by the plating vendor. The resulting modifications to the contract are described above in the contract activities section. With respect to the getter tubes, more thought needs to go into identifying natural lot sizes based on TPBAR assembly campaigns and plating campaigns to make the overall process as efficient as possible.
Inspection Methods: After the manufacture of the LTA components, it was determined that inspection methods used by STC were not consistent with the flexible nature of the product. After the LTA effort, a study was done at PNNL to evaluate inspection methods. It was determined that non-contact measurement techniques, such as laser gage and air gage, were best suited for the components of this contract. Requirements for these measurement techniques were added to the contract.
Flexible Component Measurement Averaging: The design documents for the STC components were modified to allow averaging of the diameter (inside and outside) measurements. This change was based on the flexible nature of the tubing. The use of averaging reduced the likelihood of rejecting components as a result of small levels of ovality. The statement of work was modified to allow deviations from the exact quantities specified in the shipping schedule. The following deviations were allowed:
Appendix A Contract Modification Summary
• A (-0%, +5% ) allowable deviation was added to total quantity for each component • A running total deviation of 10% was added to the individual shipments TTQP-1-081, Rev. 8 SOW, Rev. 14-Document revision only 
